Gene fusion and fission events are important for evolutionary studies and for predicting protein-protein interactions. Previous studies have shown that fusion events always predominate over fission events and, in their majority, they represent singular events throughout evolution. In this project, the role of fusion and fission events in the genome evolution of 104 human bacterial pathogens was studied. 141 protein pairs were identified to be involved in gene fusion or fission events. Surprisingly, we find that, in the species analyzed, gene fissions prevail over fusions. Moreover, while most events appear to have occurred only once in evolution, 23% of the gene fusion and fission events identified are deduced to have occurred independently multiple times. Comparison of the analyzed bacteria with non-pathogenic close relatives indicates that this impressive result is associated with the recent evolutionary history of the human bacterial pathogens, and thus is probably caused by their pathogenic lifestyle.
Introduction
Gene fusion and fission events have been described as events that take place throughout evolution and lead to the formation of new proteins through DNA recombinations [1] . These events lead to the combination of two proteins into one bigger composite protein (fusion event) or the separation of a protein into two smaller distinct proteins (fission event) [2, 3] . The identification of these events is most usually based on protein sequence analysis, by comparing the proteome of two or more different organisms, and it can be separated into the analysis of orthologous and paralogous proteins, depending on the aim of each study [2, 4, 5] . Gene fusion and fission events have been studied for evolutionary purposes [3, 6, 7] and also for the prediction of protein-protein interactions [4, [8] [9] [10] .
Previous studies reporting on the frequency of fusion and fission events have used different approaches to score sequence similarity and filter significant results, and have focused on different groups of organisms. Although it is difficult to directly compare the results of these studies, they always seem to agree on two basic principles: the low frequency of multiple events and the predominance of fusion over fission events. In a large number of organisms studied, fusion and fission events are usually singular events throughout evolution i.e. multiple, independent occurrences of the same event are less common and have even been described as rare. Of the total number of events observed in any particular study, percentages as low as 2%, and as high as 27% have been reported for multiple events [1, 6, 11, 12] . Studies also show a stable and significant predominance of fusion over fission events. The ratio of fusion/fission events differs markedly between kingdoms but it always exceeds the number 1. Specifically, fusion/fission ratios of 1.28, 3.92, 4.16, and 5.07, have been observed within Fungi, Bacteria, Eukarya, and Archaea, respectively [1, 6] . Presumably, fusion events prevail over fission events, because they lead to the formation of larger proteins that can enhance functional specificity [13, 14] . The positive selection of these proteins appears to be mostly useful in the development and improvement of the metabolism [3, 7, 14, 15] .
Regardless of the great number of organisms previously studied [1, 6] , fusion and fission analyses have never focused specifically on the protein evolution of human bacterial pathogens, or pathogenic bacteria in general. However, such events seem to play an important role in the evolution of multidomain bacterial proteins [3] , and examples of gene fusions aiding pathogenicity have been described, e.g. rpoBC in Helicobacter [16] . The study of pathogenic bacteria is also interesting because of the rather unique manner of their evolution. Human bacterial pathogens descend from their free-living close relatives, which at some point entered the human host and adapted to a parasitic way of life [17] . During their adaptation, the host's restriction in combination with the small bacterial population inside the host, dramatically reduced the genetic transfer between bacteria, causing them to lose a great proportion of their genome, along with important genes for their survival (e.g. DNA repair genes, metabolism genes) [17] [18] [19] [20] [21] [22] . This "reductive evolution" is characterized by the accumulation of mutations and recombinations, which give rise to a smaller streamlined genome, which only retains functional genes absolutely essential for survival [17, 19, 21, [23] [24] [25] .
Human bacterial pathogens are well known because of the important role they play in our everyday life, but they are also among the most evolutionarily challenged bacteria, since they are struggling to survive in a rather new host, which has a quite evolved immune system and also uses a large amount of antibacterial drugs [26, 27] . The aim of the present study was to investigate whether the high evolutionary pressure within the human host, in combination with the rather plastic genome of the human bacterial pathogens, is reflected in the frequency and ratio of gene fusion/fission events, and how this has affected their protein evolution. Moreover, the study of the evolution of protein-protein interactions can shed light on the evolution of protein functionality. This was accomplished through a combination of fusion analysis (also known as Rosetta Stone analysis) and the Phylogenetic Profiling method, in order to predict protein-protein interactions (PPIs) and investigate the co-evolution of the interacting protein partners within the bacteria analyzed.
According to public health organizations and government agencies, including the WHO and the CDC, as mentioned by [28] , 104 well known and highly dangerous human bacterial pathogens were selected for this study (Additional file 1), because they probably receive the highest pressure by being targeted with many antibacterial drugs through the years [20, 29] . The automated detection method used, as well as the filtering thresholds and the selection of a proteome as a reference for the identification of fusion/fission events that occurred within the proteomes of the bacteria, was based on previous studies [8] [9] [10] . The organism selected as a reference was the opportunistic human pathogenic fungus Cryptococcus neoformans, because it can survive within the same hostile environment as the bacteria analyzed, while it is also a more complex organism. These two parameters aim to increase the possibility of detecting common, pathogenic related proteins, while they also increase the depth of the evolutionary analysis. Non-pathogenic, close relatives of the pathogenic bacteria analyzed, were used to test the specificity of the identified events to the pathogenic way of life, by searching for common events between the different bacterial life styles.
Results

Identification of gene fusion/fission events
To search for putative gene fusion events, the SAFE software was used [9] , with C. neoformans as the organism of reference; its full proteome was compared to the proteomes of each of 104 pathogenic bacterial species, representing the following classes and phyla: Actinobacteria, Bacteroidetes, Chlamydiae, Firmicutes (Bacilli and Clostridia), Fusobacteria, Mollicutes (Tenericutes), Proteobacteria (Alpha, Beta, Epsilon and Gamma) and Spirochaetes (Additional file 1). The results of the SAFE software led to the identification of 141 proteins from C. neoformans, each of which could be found separated into two different proteins in at least some of the target bacteria (Additional file 2).
The 141 C. neoformans proteins identified in this way (from now on called reference proteins) were then used as queries in reverse BLAST against all 104 target bacteria, to confirm the results of the SAFE software, to minimize SAFE's false negative results, and to check the state of the protein (fused or separated) in all bacterial targets. The total number of separated pairs of proteins, that were found in all the bacterial targets, was 693, 64 (9%) of which were identified during the reverse BLAST analysis. In the target bacteria, each fungal reference protein was usually either found as a fused/composite protein, or separated into two, or in some cases three, different proteins. However, a quite common finding was the total absence of any homologous protein in certain bacteria, based on the reverse BLAST parameters used, as described in the methods. Interestingly, there were also cases where only one component of a protein pair could be identified in certain bacteria by reverse BLAST; given that the components of a fused protein pair are usually predicted to interact, this finding raises questions about the evolution of the protein-protein interactions that are predicted via gene fusion analysis (see Section 2.3 below).
Classification of the events based on evolutionary analysis identifies many fissions and multiple events in pathogenic bacteria
Each one of the 141 reference proteins represents a different event which, based on the results of the reverse BLAST could be classified as a unique fusion or fission event during the course of evolution, a multiple fusion or a multiple fission event, or a multiple fusion-fission event.
The identification of the state of each reference protein in all the bacteria targets, was of key importance for the classification of the 141 events, based on their evolutionary history. Essential for this classification was the use of a reliable phylogenetic tree. The phylogenetic relationships of all the organisms analyzed in this study are presented in the phylogenetic tree shown in Fig. 1 , which was constructed based on the Maximum Likelihood analysis of 16/18S rDNA and of 31 housekeeping proteins.
A simplified version of the final phylogenetic tree was used for the classification of the detected fusion/fission events, according to the Maximum Parsimony method. Fig. 2 shows some cases of analysis illustrating the categories used for classification of the identified events. Fig. 2A represents a unique fission event (reference protein: valine-tRNA ligase, XP_569118.1), which happened within the bacterial kingdom and specifically during the later evolution of the Gamma Proteobacteria. A multiple fission event (reference protein: transketolase, XP_570699.1), is shown in Fig. 2B which happened at least two times during the later evolution of the Fusobacteria and Gamma Proteobacteria.
During the analysis of the events, there were cases where classification was not possible using the constructed phylogenetic tree which focuses on the later evolutionary history of the bacteria analyzed, because the occurrence of some events probably happened outside the bacterial kingdom. The classification of such events was possible by expanding the reverse BLAST analysis to include all kingdoms of life, and using the tree of life to map the data [30] . For example, the event presented in Fig. 2C is a unique fusion event (reference protein: histidinol dehydrogenase, XP_570519.1), which happened outside the bacterial kingdom, during the evolution of the Fungi. Fig. 2D shows a multiple fusion event, which happened at least two times, once within the bacterial kingdom and once outside, during the early evolution of eukaryotes (reference protein: imidazoleglycerol phosphate synthase, XP_567040.1). Figs. 2E and F show the analysis of the same event, which represents multiple fusions and fissions that occurred both within and outside the bacterial kingdom (reference protein: phosphoribosylformylglycinamidine synthase, XP_ 572867.1). This event probably started as a multiple fusion event during the evolution of the Bacteria and the Protists, giving rise to the composite form of the protein. The composite protein seems to have been separated into two proteins again, as a result of a fission event, which took place during the evolution of Plants.
The total number of events classified into each event category, is shown in Table 1 ; further details of each event are given in Additional File 2. Fission events predominate strongly (86%), over fusion events (12%). The ratio of the total number of fusion to fission events equals 0.14, which is significantly smaller than 1, highlighting the notable predominance of fission over fusion events. Further, multiple events are quite common, representing 23% of the total events identified. This is the first time that a large predominance of fission over fusion events, as well as a high percentage of multiple events is observed, in comparison with other studies. The category "unknown events" includes 22 events that could not be classified into any of the event categories, based on either of the strategies used. These events were not taken into account when calculating the percentages and the ratios.
These findings were analyzed further, by separating the same results according to the phylogenetic tree (and thus the evolutionary timescale) used for the classification of each event. Fig. 3 shows the comparison between all the event categories that were identified within and outside the bacterial kingdom. The differences in the number of events are shown between the bacterial classes and among the kingdoms of life. The event occurrence per bacterial class is shown in Fig. 3A , while the occurrence per kingdom is shown in Fig. 3B . (In Fig. 3B there are four multiple events that probably occurred both outside and within the bacterial kingdom, which are not shown in panels C and D.) Fig. 3C represents the events that occurred only outside the bacterial kingdom, and Fig. 3D shows the events that occurred only within the bacterial kingdom. The distribution of the events differs significantly between the two analyzed evolutionary levels, and this distinction helps to identify the events that occurred during the later evolutionary history of the human bacterial pathogens studied here. The identified events that happened outside the bacterial kingdom were exclusively unique fusion events; no fission or multiple events could be detected (Fig. 3C) . In contrast, within the bacterial kingdom, fission events greatly prevail over fusion events (77% fission plus 21% multiple fission, versus 1% fusion plus 1% multiple fusion); while multiple events reached 21% for multiple fissions plus 1% for multiple fusions. Finally, the events that were observed at the edge of the branches of the constructed phylogenetic tree (78%) and which thus represent the events which occurred more recently neoformans is shown with a dotted line. Nodes marked with a black dot represent branches that were found at the same position in both of the two initial phylogenetic trees (one based on the 16/18 s rDNAs and one based on 31 concatenated housekeeping proteins), and are thus considered robust. All the branches were found at the same position in the phylogenetic tree for at least 70% of the 100 bootstraps. Fig. 2 . Examples of detected fusion/fission events, classified based on their evolutionary history. A simplified version of the final phylogenetic tree shown in Fig. 1 was used for the classification of the detected events, according to the Maximum Parsimony method [54] . The orange circles represent the composite form of the homologous proteins for each of the events, while the blue circles represent the separated form of it into two different proteins. The three dots represent cases where either no homologous protein was found or cases where only one of the component proteins was identified. In panels C, D, and F, a simplified version of the tree of life is shown (based on [30] ), which includes the archaea and eukaryotes, as classification of the specific events based on the phylogenetic tree of Fig. 1 was not possible. (A) A unique fission event (reference protein: valine-tRNA ligase, XP_569118.1) which most likely occurred during the later evolution of the Gamma Proteobacteria. (B) A multiple fission event (reference protein: transketolase, XP_570699.1), which happened at least two times during the evolution of the Fusobacteria and the Gamma Proteobacteria. (C) A unique fusion event (reference protein: histidinol dehydrogenase, XP_570519.1), which happened during the evolution of Fungi (The constructed tree gives no useful information about the event, data not shown). (D) A multiple fusion event, which happened at least two times during evolution both within the bacterial kingdom and in the early evolution of eukaryotes (reference protein: imidazoleglycerol phosphate synthase, XP_567040.1; the constructed tree gives no useful information about the event, data not shown). (E) and (F) show the analysis of the same event (reference protein: phosphoribosylformylglycinamidine synthase, XP_572867.1): multiple fusions and/or fissions have occurred during both evolutionary timescales (within and outside the bacterial kingdom). This event probably started as a multiple fusion event during the evolution of the Bacteria and the Protists, giving rise to the composite form of the protein. The composite protein seems to have been separated into two proteins again, as a result of a fission event, which took place during the evolution of plants.
during the evolutionary history of the bacteria analyzed, consisted almost exclusively of fission events (97%, Additional file 2).
The analysis of the events was based on the proteomes and the phylogeny of only human bacterial pathogens; this choice significantly drives the final results towards the evolutionary characteristics of the bacteria analyzed. However, since the human pathogenic bacteria descend from their free-living close relatives, it was essential to test whether the events identified could also be detected within closely related non-pathogenic bacteria. In order to focus on the most recent evolutionary history of the bacteria analyzed, the comparison with non-pathogenic close relatives (both free-living and host related, Additional file 3), was limited to the events that were observed at the edges of the branches of the constructed phylogenetic tree. The majority of the events were detected specifically within the pathogenic human bacterial analyzed (74%), while the rest of them (28%) could also be found within the non-pathogenic groups of bacteria (9 and 7% within the free-living and the host related groups respectively, while 12% was detected in all the bacteria tested). Two of the events found only within the human bacterial pathogens analyzed are shown in Fig. 4 . Fig. 4A shows a unique fission of a hypothetical protein (XP_571002.1), which was found only during the later evolutionary history of the human pathogenic Gamma Proteobacteria and specifically within the bacterium Salmonella enterica Typhi (strain 404ty). Fig. 4B shows a multiple fission event identified during the study of a helicase (XP_572253.1), which was found only during the later evolutionary history of the human pathogenic Epsilon and Gamma Proteobacteria and specifically within Campylobacter fetus (subspecies venerealis strain Azul-94) and S. enterica Typhi (strain 404ty).
Evolution of PPIs within the human bacterial pathogens
During the reverse BLAST analysis, the detection of only one of the two protein components in an organism was quite common. This observation, in combination with the basic ideas of the Rosetta Stone Analysis and the Phylogenetic Profiling method (Fig. 5) , that are widely used for the prediction of protein interactions and protein functions [2, 4, 8, [31] [32] [33] [34] , raised the question "How can two proteins interact and yet not always coexist evolutionarily?" In these cases, the two interacting proteins could each have another function, not related to the particular interaction; this would allow them to be conserved regardless of whether they interact with each other, within the reduced and greatly dynamic genome of the pathogenic bacteria analyzed. To address this question, a hybrid method which combines the Rosetta Stone Analysis with Phylogenetic Profiling was used. The Rosetta Stone Analysis identifies protein pairs predicted to interact, but Phylogenetic Profiling of each of the interacting protein pairs can detect protein pairs whose members do not always coexist throughout evolution in all the bacteria studied. Findings like these indicate that the distinct members of a protein pair can have a variety of functions, which may be significant for the survival of the human bacterial pathogens. Out of the 693 total predicted PPIs in the bacteria analyzed, 240 (35%) were classified as "co-evolving" as the Phylogenetic Profiling indicated that both members of each protein pair were always either both present or both lost in a given species. The rest, 453 (65%), were classified as "evolving separately" as Phylogenetic Profiling indicated that there was at least one case where one of the members of the protein pair was retained while the other was lost.
All the predicted PPIs are not necessarily true interactions, due to weaknesses of the Rosetta Stone analysis [9, 10] . To further support our analysis, we tested all the predicted PPIs using the online tool BioXGEM, in order to specify which of them were experimentally verified by previous studies. Out of the 693 total predicted PPIs, 458 (66%) represent experimentally verified PPIs, according to BioXGEM. Of these 458, 152 (33%) were classified as "co-evolving" as the Phylogenetic Profiling indicated that both members of each protein pair were always either both present or both lost in a given species. The rest, 306 (67%), were classified as "evolving separately" as Phylogenetic Profiling indicated that there was at least one case where one of the members of the protein pair was retained while the other was lost.
Therefore, both the predicted and the verified PPIs had a high percentage of proteins that were found to evolve separately within the bacteria analyzed (65% and 67% for the predicted and the verified PPIs, respectively). These results indicate that proteins which do not always coexist throughout evolution can nevertheless functionally interact. The members of the interacting protein pairs probably display a function not associated with this specific protein interaction, which allows them to evolve separately. Further, the fact that these proteins are conserved indicates that they play an important role for the survival of the bacteria analyzed, given the small and highly plastic genome of these bacteria.
Discussion
Gene fusion/fission analysis is used to study genome evolution and the evolution of particular proteins, but also to predict protein-protein interactions and protein functions. In this study we decided to focus on human bacterial pathogens, and examine whether the unique evolutionary pressure that they are under, which leads to genome plasticity and streamlining [17] [18] [19] 21, 23, 24] , has influenced the occurrence of gene fusions and fissions. This can assist in deciphering the general protein evolutionary patterns that apply to such evolutionarily challenged host related bacteria [20, 26, 27, 29] . The fusion/fission events classified based on the constructed phylogenetic tree, lead to new and exciting observations about the protein evolution of the human bacterial pathogens, described here for the first time.
Reliability of the phylogenetic tree
The analysis of when fusion and fission events occurred is highly dependent on the reliability of the phylogenetic analysis of the organisms studied. Here, the reliability of the constructed phylogenetic tree was insured by using both gene and protein sequences. Moreover, the Maximum Likelihood algorithm, is also thought to be highly reliable [35, 36] , and aiming for the best possible accuracy we used 100 bootstraps and applied a 70% cutoff for each branch placement [37, 38] . The robustness of the constructed phylogenetic tree was also checked by manual comparison with other published phylogenetic trees [39, 40] , which were similar overall, despite the fact that the exact branching order of various bacterial lineages is still unresolved [41] . The gene sequences used were the 16/18S rDNA genes, the golden standard of phylogenetic analysis for all organisms, because of their high conservation rates throughout evolution [42, 43] . However, such high rates of evolutionary conservation may cause problems in the analysis of closely related organisms, like the bacteria used in the present study [42] . In order to avoid such problems the 16/18S rDNA sequences were used in combination with the protein sequences of 31 known bacterial housekeeping genes [39, 42] . Housekeeping genes are less conserved, but their sequence stability is still high, because of their importance for the survival of the organisms analyzed [42] . The program AMPHORA was used to search for the housekeeping protein sequences of all organisms at once, making the procedure faster and much more accurate. However, the AMPHORA program is a program of phylogenetic placement [42] , therefore its phylogenetic results are less reliable than the de novo calculation and construction of a phylogenetic tree based on the sequences that are actually studied [36] . Thus, the protein sequences given by the program AMPHORA were extracted and processed, in order to be compatible with the phylogenetic programs used next. Two perl scripts were written for this purpose and made the analysis, the extraction and the processing of these data possible. These perl scripts are available here as Additional files 4 and 5 and they can be used for other similar studies.
3.2. Multiple fusion/fission events are less common than unique events, but not rare
The frequency of multiple fusion/fission events has been a subject of debate between different studies. As each study was based on different numbers and groups of organisms, and used different methods, direct comparison between these findings is not possible. For example, rare occurrence (2.2%) of multiple events was reported after the analysis of 12 fungal proteomes focusing on groups of paralogous proteins: only Fig. 3 . Comparison between all the event categories that were identified within and outside the bacterial kingdom. (A) The number and classification of the gene fusion and/or fission events identified, are shown separately for each class of the bacteria analyzed. A widely different rate in the occurrence of events per bacterial class is evident, although the fact that each class was not represented by the same number of species (see Additional file 1), might influence this result. Overall, a large number of fission events and multiple events were observed within the bacterial kingdom, i.e. later in the evolution of the bacteria analyzed. (B) 17 events were classified based on the tree of life [30] and occurred outside the bacterial kingdom. These events represent mostly unique fusion events. Four of the events have occurred both within and outside the bacterial kingdom, but they were classified based on the tree of life (characterized as "Both" in Additional file 2). These events are excluded from the analysis in panels C and D, which are focusing on the events that only occurred either outside or within the bacterial kingdom, but not in both. (C) Outside the bacterial kingdom, only fusion events were observed ("Both" events are not calculated). (D) In contrast, during the later evolution of the bacteria analyzed, within the bacterial kingdom, the majority of the events identified were fission events and multiple events were significantly common ("Both" events are not calculated).
15 multiple events were detected in comparison to a total of 670 identified unique events (376 unique fusions, 294 unique fissions) [6] . Other studies investigated the evolution of multidomain architectures of proteins, which were a result of fusion or fission events, and detected protein architectures that have multiple evolutionary origins. By tracing SCOP structures in a species tree, Gough et al. [12] found 1.9% of architectures with multiple origins. In contrast, Forslund et al. [11] studied 96 genomes from all the kingdoms of life applying a tree-based method for the detection of domain architectures taken from the Pfam database, showing that 12.4% multidomain architectures have multiple evolutionary origins, concluding that multiple events cannot be characterized as rare. Kummerfeld and Teichmann [1] concluded that at least 73% of the proteins involved in fusion and fission events found within 131 genomes from all three kingdoms of life, had a single common ancestor, meaning that 73 out of hundred events are found to be unique events throughout evolution, leaving the other 27% in question.
Are multiple events a rare exception within the evolutionary history of proteins, or are they just less common than the unique ones? Here we find that the multiple events reach 23%, which shows that these events are not rare during the evolution of the human bacterial pathogens studied. This high percentage could be due to the organisms studied, or due to the method used. There are no other studies exploring the occurrence of multiple fusion/fission events in the same group of bacteria, but a study by Trimpalis et al. which used the same method, showed that multiple events represent 24% of the total, when analyzing gene fusions/fissions within the proteome of the protozoan Trypanosoma brucei and 19 other organisms from all three domains of life [10] . This indicates that the high percentage of multiple events found, is probably not a result of the choice of the bacteria analyzed. Therefore, regardless of the number and group of organisms studied, our method detects a reproducibly high percentage of multiple fusion/fission events, similar to the percentages reported by Kummerfeld and Teichmann [1] .
Human bacterial pathogens display a high predominance of fission over fusion events
Human bacterial pathogens also display a high predominance of fission events (86%), over fusion events (12%). This predominance, is observed for the first time, while all previous studies focusing on different groups of organisms, had shown that fusion events always prevail over fission events [1, 3, 6, 7, 10, 44] . While, once more, a direct comparison with these studies is not possible, due to the different methods used, the results given by Trimpalis et al. allow us to trace any bias in the method used in this study. In the study by Trimpalis et al. a ratio of 1.8 for fusion to fission events is observed (18 unique fusions, compared to 10 unique fissions from the total of 28 predicted events plus 9 multiple fusion/fission events) [10] , in agreement with the findings of other studies, where the ratio always exceeds the number 1. Thus, the predominance of fission over fusion events in the present study is not simply due to a bias of the method for detecting fission events, indicating that it is related to the choice of species analyzed. The low ratio of 0.14 calculated in the present study indicates that the smaller in size protein products of the fission events, in contrast to the larger proteins created by fusion events, are positively selected for during the evolution of the human bacterial pathogens. Consequently, these smaller proteins, probably offer distinct advantages, significant for the survival of the human bacterial pathogens studied.
The majority (78%) of the identified events occurred recently within the bacterial kingdom
The predominance of fission events is even clearer when we focus on the most recent evolutionary history of the bacterial analyzed. The percentage of fission events was found to be even higher (98% fission Fig. 4 . Examples of two fission events that were detected only within the human bacterial pathogens analyzed. The circles represent the composite (orange) and separated (blue) proteins found in the human bacterial pathogens, while the triangles represent the composite (orange) and separated (blue) proteins found during the analysis of each class of nonpathogenic bacteria. (A) A unique fission event that was found during the study of a hypothetical protein (XP_571002.1) specifically within the human pathogenic Gamma Proteobacterium S. enterica Typhi (strain 404ty). (B) A multiple fission event identified during the study of a helicase (XP_572253.1) found only within the human pathogenic Epsilon and Gamma Proteobacteria and specifically within the species C. fetus (subspecies venerealis strain Azul-94) and S. enterica Typhi (strain 404ty). events in total) for the events that occurred only within the bacterial kingdom. In contrast, our results relating to events outside the bacterial kingdom are characterized by a total predominance of fusion events (100%). This observation leads to an exciting new perspective of the protein evolution of the human bacterial pathogens that has not been seen before and could be in direct relationship with the parasitic way of life. Outside the bacterial kingdom natural selection seems to favor larger composite multi-domain proteins, which are the result of gene fusions, while within the bacterial kingdom, smaller proteins separated by fission events are significantly favored. The events which have occurred at the terminal nodes of the phylogenetic tree are the most recent events and they represent 78% of the total identified events. Within this cohort, 97% are fission events.
Comparison with non-pathogenic close relatives indicates a specificity of these recent events to the pathogenic way of life
The identified events that were observed at the edge of the branches of the phylogenetic tree, were analyzed even further, in order to determine whether their occurrence was specific to the pathogenic bacteria and directly related with the pathogenic way of life. The majority of these events (74%) were detected only within the human bacterial pathogens analyzed and not within the non-pathogenic groups of their close relatives. This finding further supports the hypothesis that the high rates of fission events detected, were observed due to our focus on the human pathogenic bacteria.
Proteins involved in fusion/fission events can evolve independently from each other
The study of fusion/fission events can be used for the prediction of protein-protein interactions through the Rosetta Stone Analysis [2, 4, 5, 8, 31, 33] . Protein-protein interactions can also be predicted through the Phylogenetic Profiling method, which scores the presence or absence of orthologous genes or proteins in different organisms [32, 34] . The investigation of the phylogenetic profile of the proteins participating in the predicted PPIs, given by the Rosetta Stone analysis, shows that these smaller in size proteins, can interact with each other even if they are not both conserved within some of the bacteria analyzed. This also holds true for the PPIs verified through the BioXGEM tool. The majority of both possible and verified PPIs include separately evolving protein pairs, an observation that indicates a multifunctional nature of these smaller in size proteins, as well as their significance for the survival of the pathogenic bacteria analyzed, within the human host. Pathogenic bacteria tend to carry only genes which are essential for their survival, meaning that these proteins, not only have functions that are independent from the function related to the protein they interact with, but also that these functions are of a significant importance for the corresponding bacteria. Conservation of these proteins in the face of reductive evolution, suggests that they play a critical role for the survival and the adjustment of the bacteria within a new, enclosed and highly dangerous environment, like the human host [26, 27] , probably because they cover the need for developing new functions [7, 14, 45, 46] .
Various factors might have influenced the observed rates of gene fusions and fissions. For example, studies have shown that the folding stability of longer proteins is better than that of short proteins, as longer proteins have more native interactions per residue [47] . This may be a factor favoring the generation of fusions. There is no apparent bias in our results for a certain length of the proteins that undergo fusions or fissions (see Additional File 2), although a proper statistical analysis of whether protein length influences fusion/fission rates would need to be based on a much larger study. In addition, it seems easier mechanistically to generate gene fusions than gene fissions, since it may be harder to rebuild all the necessary mechanisms for gene expression when genes are split (e.g. promoter binding sites, regulator binding sites), than to just combine the starting and finishing point of each gene via gene fusion. Nevertheless, frequent gene fissions make sense in the context of the process of genome reduction that most pathogens undergo. Also, a functionally flexible system is better able to deal with adverse environmental conditions than a more rigid/specific one [48] . Previous studies have concluded that large multi-domain proteins display more specific functions, while smaller ones are more functionally flexible [13, 14, 45] . Outside the bacterial kingdom, proteins with more specific functions may be favored because of their important role in the development of the metabolism [3, 15] . But within the bacterial kingdom, and focusing on the human bacterial pathogens which were used in the present study, the smaller and more functionally flexible proteins are evolutionarily favored, probably because they can cover the need for the development of new functions [7, 14, 45, 46] .
Conclusions
Human bacterial pathogens are an example of organisms that try to adapt and survive under a lot of pressure, within a host environment, which isolates them in small numbers, cutting them off from the great gene pool of other bacterial populations [20, 29] . This isolation leads to a significant loss of a great proportion of their genome, which they would normally restore through gene transfer [17, 19, 21, [23] [24] [25] . These facts, in combination with the great evolutionary pressure they are under from a pretty novel and evolved host [26, 27] , create the need to develop new functions, in order to survive. The only ways left for such a development are mutations and recombination, which are highly increased within these pathogens [19] . (A) PPIs classified as "co-evolving" were identified based on the sequence of the reference protein "X" where the proteins "A" and "B" which form the predicted interacting protein pair are either both conserved or both lost (e.g. target 3) within each of the bacteria analyzed. This phylogenetic profile is in agreement with a conserved protein-protein interaction between proteins A and B. (B) PPIs classified as "evolving separately" were identified based on the sequence of the reference protein "Y", where one of the proteins from a given protein pair is lost, or conserved, independently from the other, in at least one of the bacteria analyzed (e.g. targets 1 and 4).
Fusion and fission events are a result of gene recombinations and a basic mechanism for protein evolution. However, they had never been studied before in the human bacterial pathogens. Here we study the fusion and fission events within 104 highly important human bacterial pathogens, in order to decipher the basic principles of protein evolution in pathogenic bacteria. In summary, our main conclusions are:
1. The emergence of gene fusions/fissions are usually single events throughout evolution, but multiple events can also be observed. The percentage of multiple events identified within the evolution of the human bacterial pathogens was 23%, in agreement with some previous studies. 2. Fission events greatly prevail over fusion events, giving a fusion/ fission ratio equal to 0.14 for pathogenic bacteria. This is much smaller than the ratios reported, in previous studies, for eukaryotes and for non-pathogenic bacteria. 3. Most of the events identified were recent events (78%), detected at the terminal nodes of the constructed phylogenetic tree, and representing the most recent evolutional history of the bacteria analyzed. 4. Most of these recent events (74%) are specific to the pathogenic way of life. 5. Interacting proteins can be retained or lost independently of their interacting partners in certain species, indicating their multifunctional nature that may play an important role in the adjustment and the survival of the human bacterial pathogens.
These observations reveal a new and exciting perspective of the unique evolution of human bacteria pathogens. As a byproduct of genome plasticity and streamlining in pathogenic bacteria, gene fissions are favored over fusions. Moreover, natural selection seems to favor the smaller in size proteins that result from fission events, in order to enrich the repertoire of functions, through their more multifunctional nature. Until today, fusion events were thought to be the main and predominant mechanism of protein evolution through recombination, while bigger and highly specialized proteins were thought to be an evolutional success, offering great advantages to most organisms. Our findings regarding the evolutionary history of human bacterial pathogens shift this paradigm, showing that going smaller and simpler can give an advantage that will make the difference between survival and extinction. This raises a lot of questions about the evolution of pathogenicity. Furthermore, novel protein-protein interactions arising from gene fissions can serve as new targets for drug design [10, 49] , as molecules inhibiting these interactions may have a detrimental effect specific to the pathogenic bacteria.
Methods
Choice of organisms
104 target bacteria (Additional file 1) were selected for the analysis, representing well known and highly dangerous human pathogens, according to public health organizations and government agencies, including the WHO and the CDC [28, 41] . The human fungal pathogen C. neoformans was chosen as the reference genome, and compared with each individual bacterial species in the first step of the analysis by the SAFE software (see below). An important criterion for choosing the target bacteria, as well as the fungus of reference, was the fact that their whole proteome was available. The proteomes of all the organisms analyzed were downloaded in fasta format from the BioProject database (http://www.ncbi.nlm.nih.gov/bioproject/). The non-pathogenic close relatives of the pathogenic bacteria analyzed were selected using the "Browse Genomes" online tool, within the Microbial Genomes Resources NCBI database (http://www.ncbi.nlm.nih.gov/genomes/ MICROBES/microbial_taxtree.html). Only fully sequenced bacteria were selected that represented free-living bacteria and host related, non-pathogenic bacteria (Additional file 3).
Event search
The search for fusion and fission events was accomplished using the gene fusion analysis software SAFE [9] . This method has been used previously, for the prediction and evolutionary study of protein-protein interactions in other organisms [8] [9] [10] . SAFE software identifies fusion or fission events by comparing the proteome of an organism of reference with the proteome of another target organism, using the algorithm BLASTP to identify homologous proteins based on sequence similarity, and various filtering parameters to identify gene fusions/fissions. The aim of this comparison is the detection of composite proteins in the organism of reference that appear to be separated into two different proteins in the target organisms. This software is available online (http://www.bioacademy.gr/bioinformatics/projects/ProteinFusion/ downloads.htm), and offers users the ability to adjust the search parameters. Based on previous analyses [8] [9] [10] , the parameters used in this project were as follows: Maximum Accepted BLAST Identities = 85% (default; this is used as an initial step to eliminate duplicated/ paralogous proteins from each proteome, keeping only the longest of two proteins which share at least 85% identity), Minimum Domain Length = 70 aa (default), Minimum BLAST Identities per domain = 27% (default; generally accepted limit of homology designation [50] ), Minimum Fused Protein Coverage = 70% (default), Maximum Overlap Region in domains = 0, e-value cutoff ≤ 0.001. Additionally, the study was focused on the analysis of the events involving only orthologous proteins and not paralogous ones. SAFE software provides the ability to distinguish these two groups of proteins by forming two different result files, one called "unique.txt" (events involving orthologous proteins) and another called "doubles.txt" (events involving paralogous proteins). The synteny of the genes of the detected proteins, was not taken into account as a factor to determine homology, to minimize the risk of losing proteins as false negatives, because of the high rates of recombination within the target bacteria [19] .
The events identified by the SAFE software were verified by reverse BLAST, i.e. the C. neoformans reference protein sequence for each identified event was used as a query in BLASTP to search against the whole proteome of each of the target bacteria. This not only tests the accuracy of the SAFE results, but also leads to the identification of the state of the protein in each of the bacterial targets: the protein pair participating in each fusion event can either be found as a single composite protein (like the one in the C. neoformans proteome), or as two (or more) separate smaller proteins. In a number of cases only one or even none of the smaller proteins could be identified. These different states of the homologous proteins in the target bacteria are important for the classification of the detected events.
Phylogenetic analysis
The phylogenetic analysis was based on the 16S (or 18S) rDNA sequences, in combination with the concatenated sequences of 31 housekeeping proteins [42] . The placement of the fungus of reference on the final phylogenetic tree is mostly based on the sequence of the 18S rDNA, and it is only used for presentation purposes. The construction of a phylogenetic tree combining protein and DNA sequences was possible through the amalgamation of two individual trees, one based on the gene sequences of the rDNAs and one based on the protein sequences. The construction of the first tree was based on the Maximum Likelihood algorithm from the Phylogeny Inference Package 3.69 (Phylip http://evolution.genetics.washington.edu/phylip.html) [51] . The 16S rDNA bacterial sequences were downloaded pre-aligned from the Ribosomal Database Project [52] . The sequence of the 18S rDNA was added onto this alignment using the program ClustalΧ2 [53] .
The construction of the second tree required the combination of a number of programs. The format of the data analyzed was modified according to the needs of each program, through two custom perl scripts (AMPHme and PHYme, see Additional files 4 and 5). The proteomes of each organism analyzed were combined into a fasta text file and modified by the AMPHme perl script, into a ".pep" format file. This file was used as input for the program AMPHORA [42] , (http://phylogenomics. wordpress.com/software/amphora/) from which the function "Identify marker sequences" was used to detect the sequences of the 31 housekeeping proteins. The function "Align and trim the marker sequences" was used next to align and mask these protein sequences, in order to remove the noise of the analysis of such a large number of sequences. The results of AMPHORA were modified manually, in order to delete any double housekeeping protein sequences within the same organism, and saved as a ".txt" file. The PHYme perl script was used next in order to transform the last file and make it compatible with the program ClustalΧ2, which realigned the protein sequences. Finally, Phylip 3.69 was used to construct the Maximum Likelihood phylogenetic tree, using the aligned sequences of the 31 housekeeping proteins.
Both phylogenetic trees were constructed using 100 bootstraps. The final tree includes only nodes with at least 70% bootstrap support. The two phylogenetic trees were combined into the final 16/18S rDNA-31 housekeeping protein Maximum Likelihood phylogenetic tree using the program Consense, which is part of the Phylip 3.69 package. Consense uses strict consensus and majority rule consensus methods in order to build consensus trees out of a number of computer readable phylogenetic trees. Here, the final tree was constructed using the majority rule consensus method, where the branches observed at the same position in both trees were selected, and then the branches left were added based on their compatibility with the first ones, until the tree was fully resolved. Visualization of the final phylogenetic tree was accomplished using the program FigTree v 1.3.1 (http://tree.bio.ed.ac.uk/ software/figtree).
Event classification
The classification of the identified events was based on the Maximum Parsimony method [1, 10] , taking into account the results of the reverse BLAST and the constructed phylogenetic tree. Fusion/fission events were classified into one of the following six categories:
1. Unique fusion 2. Unique fission 3. Multiple fusion 4. Multiple fission 5. Multiple fusion-fission 6. Unknown
The "Unknown" category represents cases where accurate classification was not possible based solely on the data from the bacteria analyzed and the constructed phylogenetic tree. In these cases, the state of the protein pair participating in the fusion/fission event was examined in more organisms. Therefore we performed reverse BLAST against each of the kingdoms of life (Bacteria; Archaea; Protists: Amoebozoa, Stramenopiles and Alveolata; Fungi; Plants; Animals), and/or against the original bacterial classes analyzed, but including both pathogenic and non-pathogenic bacteria. In the latter case, the Maximum Parsimony method for the classification of these cases was based on the constructed phylogenetic tree, while in the former, it was based on the tree of life [30] . The events for which the classification was not clear by either of the strategies used, were characterized as Unknown Events, and were excluded from any further analysis.
The different approach used for the classification of each event, indicated a difference in the level of correlation of this event with the distinct evolution of the bacteria, and especially the human bacterial pathogens analyzed. The events classified using the constructed phylogenetic tree, have occurred within the bacterial kingdom and were used for the calculation of the rates of each event category within the bacteria. In contrast, the events classified using the tree of life, have occurred outside the bacterial kingdom; thus they do not reflect the true rates of the events within the bacteria and the in-host evolution of the human pathogenic bacteria analyzed. All identified events were, therefore, split into two main subcategories, the events that occurred within the bacterial kingdom and the events that took place outside the bacterial kingdom. In cases where the occurrence of a multiple event could be observed in both main subcategories, the event was classified in a third subcategory, characterized by the world "Both" (Additional file 2).
Horizontal gene transfer has previously been shown to play a limited role in the generation of fusion and fission events (less than 3% to 4%) [1] ; additionally, pathogenic bacteria probably have lower gene transfer rates because of the host's restriction which also leads to a reduced genome via reductive evolution [18, 19] . Therefore the contribution of gene transfer to the occurrence of fusion/fission events is here assumed to be quite limited.
Comparison between pathogenic and non-pathogenic bacteria
The analysis of the protein evolution using only human pathogenic bacteria, automatically shifts the focus of the study towards the research of the evolutionary history of the bacterial group analyzed. However, the results can be further supported by a direct comparison with bacteria that represent different life styles. The events that were detected at the edge of the branches of the constructed phylogenetic tree were used for this purpose. In more detail, the reference protein representing each one of the detected events was used as a query in BLAST against the proteome of non-pathogenic close relatives of the target bacteria, in which the event was initially identified. The parameters of the BLAST analysis were the same as mentioned above (see Section 5.2) . If the protein of reference was found in the same condition (fused or separated) as the one in the pathogenic bacteria where it was originally detected, then the event was not thought to be specific to the pathogenic way of life of the bacteria analyzed. Otherwise, the corresponding event was classified as specific to the pathogenic bacteria.
Evolutionary protein function analysis through the prediction of protein-protein interactions (PPIs)
The analysis of fusion and fission events is often used for the prediction of protein function and of protein-protein interactions (PPIs). Here we use a combination of the Rosetta Stone analysis with Phylogenetic Profiling of the possibly interacting proteins, in order to elucidate the evolutionary patterns of protein interactions and protein functions. The Rosetta Stone analysis is based on the results of the SAFE software, while Phylogenetic Profiling involves further evolutionary analysis of the proteins involved in the detected fusion and fission events, based on the results of reverse BLAST. According to the Rosetta Stone Analysis, all protein pairs that can be found fused into one protein in the fungus of reference based on the SAFE software analysis, and verified by reverse BLAST, are accepted as predicting possible interactions [2, 4, 5, 9] . Phylogenetic Profiling, on the other hand, examines the co-evolution of proteins in different organisms, to deduce the interactome, i.e. proteins that are always either both present or both absent are predicted to interact [32, 34] . The present study applies Phylogenetic Profiling to the proteins identified as participating in fusion or fission events, aiming at the evolutionary analysis of the possible interaction protein pairs.
The predicted PPIs were further tested using the online tool BioXGEM (http://gemdock.life.nctu.edu.tw/ppisearch), in order to identify experimentally verified PPIs. The parameters used for the reverse BLAST were as mentioned above for SAFE. The only exception to the parameters was the identities cutoff for the second protein of each detected protein pair, during the reverse BLAST, which was set to 25% (not 27%) in order to avoid false negative results.
